Pharmaceuticals are detected at trace levels in waters. Their adverse effects on aquatic ecosystems and human health demand novel pharmaceutical removal technologies for treating wastewater effluents. Iron (Fe) or manganese (Mn) may play important roles in these new technologies since these metals are abundantly available at low costs and are known to contribute to organic conversions via physico-chemical, chemical, and biologically related processes. Few reviews describe and discuss Fe-or Mn-based technologies for the purpose to remove pharmaceuticals from water. Therefore, we review the current literature sorted into the three removal mechanisms, that is., through physico-chemical, chemical, and biological processes. The principals, performance, and influential parameters of these three types of technologies are described. Current and potential applications of these technologies are critically evaluated in order to identify advantages and challenges. In addition, the Fe-or Mn-based technologies which are currently not used but promising to further develop to remove pharmaceuticals cost efficiently are proposed.
Introduction
Removing pollutants from water is crucial to human as well as ecosystem health. Micropollutants are a growingly popular subject due to their low concentration and potential hazard. Among the micropollutants, pharmaceuticals are well studied and can be used as a representative case for a variety of micropollutants. Pharmaceuticals, commonly known as medicines or drugs, are a vast array of chemical compounds used for medical diagnosis, cure, treatment, or prevention of disease (Rivera-Utrilla et al., 2013) . Improvements in analytical technologies have resulted in detection techniques to quantify pharmaceuticals at trace level (ng/L -mg/L) in 2. Processes review
Physico-chemical removal
Fe and Mn compounds are used in water treatments, which involve physical and physico-chemical processes such as flocculation and coagulation, adsorption, and coprecipitation. These processes will be discussed in more detail in the following sections. Generally, pollutants are immobilized by interaction with Fe or Mn particles, which are subsequently settled. These physico-chemical technologies are used to remove pharmaceuticals from the water phase but not to convert or to degrade them.
Flocculation and coagulation
In flocculation and coagulation, the soluble or colloidal compounds are taken out of solution or suspension in the form of a floc or flake by using chemical flocculants or coagulants; subsequently, the formed particles are settled. Flocculation is the aggregation of particles while coagulation is a physico-chemical destabilization of the colloidal system (Benjamin and Lawler, 2013) . In literature, the flocculation and coagulation is interchangeable, and in this review, we will use the term "flocculation and coagulation" to refer to either or both of these related processes as used in Bratby (2006) . These flocculants and coagulants can be organic polymers, metal salts such as FeCl 3 , and prehydrolyzed metal salts such as polyferric sulfate (Metcalf et al., 2004; Benjamin and Lawler, 2013) .
Ferric salts, including FeCl 3 and Fe 2 (SO 4 ) 3 , are commonly used in flocculation and coagulation processes for organic matter removal from drinking water and wastewater (Budd et al., 2004; Matilainen et al., 2010; Liu et al., 2013) . Excess Fe(III) is generated by zero-valent iron/H 2 O 2 system and improves flocculation and coagulation of organic pollutants (Neyens and Baeyens, 2003; Kallel et al., 2009) . Recently, polyferric sulfate (PFS), an inorganic polymeric flocculant, is used as a new coagulant to remove pharmaceuticals. In wastewater from a pharmaceutical production facility where the main organic COD (chemical oxygen demand) consisted of the pharmaceuticals, such as cefpirome, latomoxef, aztreonam, cefoperazone, cefatridine, ceftazidime, and other chemicals like propylene glycol, over 70% of 3300 mg/L COD was removed by flocculation and coagulation with PFS (Xing and Sun, 2009) . Results indicate that both the pH and PFS concentration influenced the removal, with the highest removal being obtained at an optimum pH of »4 with 300 mg/L PFS. At pH 4, the COD removal increases from 0% to 80% with increasing PFS concentrations from 0 to 200 mg/L; when 200-900 mg/L PFS was dosed, COD removal only increased 10% (Xing and Sun, 2009 , which leads to higher removal performance of organic compounds (Zouboulis et al., 2008; Verma et al., 2012) , as compared to conventional flocculation and coagulation like FeSO 4 and FeCl 3 .
Adsorption
Fe, Mn, and their oxides can be used as adsorbents, especially when present as nanoparticles, that is, particles ranging in size between 10 and 100 nm. During adsorption, the pollutant is removed from the liquid phase through transfer to the surface of adsorbent. Especially nanoscale metal oxides have an extremely large specific surface area supporting efficient removal of pharmaceuticals (Tratnyek and Johnson, 2006) . If the adsorbent has a preferential affinity for certain compounds in the liquid phase, the efficiencies can then be further enlarged with orders of magnitude (Metcalf et al., 2004) .
The performance of pharmaceutical adsorption to Fe(III) has been evaluated by previous studies (Feitosa-Felizzola et al., 2009; Zhang and Huang, 2007; Brooks and Huggett, 2012) . Two human-used macrolide antibacterial agents, clarithromycin and roxithromycin, adsorb strongly (>90%) to Fe(III) in the form of ferrihydrite. This is probably due to the macrolide antibacterial agents that can form a complex on the surface of Fe(III) (Feitosa-Felizzola et al., 2009 ). Due to the different properties of pharmaceuticals, the ability to form a complex with Fe(III) is different for each pharmaceutical, which leads to selective adsorption. The results indicate that the efficiency of adsorption is closely related to the process condition. For example, at weakly acidic pH (»6), the highest adsorption is achieved due to changes in the Fe(III) surface chemistry, thus making Fe(III) more selective for the investigated pharmaceuticals (Zhang and Huang, 2007) .
Nanoparticles and nanoscale materials including nano Fe species can also remove pollutants by adsorption. Due to their small size, ranging from 10 to 100 nm, and large specific surface area, nanoscale materials such as nanoscale zero-valent iron (nZVI) can efficiently remove pharmaceuticals via adsorption (Khin et al., 2012) . For example, nZVI adsorption can contribute to the removal of carbamazepine (Shirazi et al., 2013) , amoxicillin, and ampicillin (Ghauch et al., 2009) . Supportive materials such as polyethylene glycol (PEG) and zeolite are used to improve the performance of nZVI as an adsorbent. Results show 10% more amoxicilline removal and 30% more ampicillin removal by PEG-nZVI, while nearly 30% more ampicilline removal is found by zeolite-nZVI (Ghauch et al., 2009) . Another nanoscale Fe-related adsorbent in pharmaceutical removal is magnetic permanently confined micelle arrays (Mag-PCMAs), which has a magnetite core confined in a silica porous layer (Wang et al., 2009; Huang and Keller, 2013) . Pharmaceuticals including atenolol, gemfibrozil, and sulfamethoxazole can be absorbed and removed at mg/L level by these Mag-PCMAs from water (Huang and Keller, 2013) . Magnetic iron oxide nanoparticles (M x Fe 3-x O 4 ) are used to remove organic pollutants via adsorption, where M represents one or more components from Fe, Mn, Co, Li, Ni, Zn, etc. MFe 2 O 4 (M D Fe, Mn, Co, Zn) can remove more than 96% of tetracycline, oxytetracycline, and chlortetracycline at 100 mg/L by adsorption within 5 min (Bao et al., 2013) . Incorporation of M x Fe 3-x O 4 into other chemicals like activated carbon (AC) can also be used to remove pharmaceuticals. For example, the maximum adsorption capacity of MnFe 2 O 4 /AC to sulfamethoxazole is 159 mg/g at pH 7 (Wan et al., 2014) , and maximum adsorption of hierarchically porous MgFe 2 O 4 /g-Fe 2 O 3 magnetic microspheres to minocycline is 201 mg/g (Lu et al., 2016) . Metal-organic framework (MOF) is a class of highly crystalline porous materials consisting of a metal ion and an organic linker molecule . It is used to remove hazardous organics from water by adsorption and photocatalysis . MIL-100-Fe is a type of Fe-organic framework, and it is used in adsorption processes to remove pharmaceuticals including naproxen and clofibric acid (Hasan et al., 2012) , as well as other organic pollutants like bisphenol A (Huo and Yan, 2012; Qin et al., 2014) . The adsorption capacity of MIL-100-Fe can reach 100 mg/g, which is even higher than granular activated carbon (»50 mg/g) (Hasan et al., 2012) .
MnO 2 can be used to remove pharmaceuticals and other pollutants by adsorption including antibacterial agents like sulfonamides and tetracycline, and endocrine disruptors (Bernard et al., 1997; Remucal and Ginder-Vogel, 2014) . Results showed that clarithromycin and roxithromycin can be rapidly absorbed onto this amorphous MnO 2 at pH 5 (Feitosa-Felizzola et al., 2009 ), but adsorption did not contribute to carbamazepine removal with amorphous MnO 2 (He et al., 2012; Remucal and Ginder-Vogel, 2014) . Similar to Fe(III), adsorption of pharmaceuticals onto MnO 2 is also through surface complex forming. The different properties of pharmaceuticals affect the surface complex and will lead to different performances of adsorption.
Coprecipitation
Coprecipitation is a process in which soluble compounds are removed by sequestration in a precipitating phase (Pradyot, 2004; Noubactep, 2010) . Pharmaceutical coprecipitation is observed with Fe species including Fe corrosion products (Filip et al., 2007; Ghauch et al., 2009; Noubactep, 2010) . For example, amoxicillin and ampicillin can be sequestered by precipitation with Fe(OH) 3 (Ghauch et al., 2009) . Triazole, the raw material to produce antimycotic drugs such as terconazole, is also removed with zero-valent iron (ZVI) by coprecipitation Noubactep, 2008b) .
Chemical removal
In chemical removal of pharmaceuticals, Fe and Mn play important roles as oxidants, reductants, or catalysts such as Fe(II) in Fenton processes (Kochi, 1967; Guan et al., 2010; Chelliapan and Sallis, 2013; Remucal and Ginder-Vogel, 2014; Segura et al., 2015) . Chemical removal of pharmaceuticals in water treatment occurs through chemical oxidation via oxidizing agents (Fe(III), Fe(VI), Mn(IV), Mn(VII)), or chemical reduction via reducing agents like nZVI to degrade a compound or a group of compounds (Lee et al., 2009; Guan et al., 2010) . In addition to conventional oxidation processes, advanced oxidation processes (AOPs) including Fenton, photolysis, and ozonation are used to remove pharmaceuticals. In these processes, Fe and Mn species work as catalysts in the formation of free radicals such as hydroxyl radicals (OH ) and sulfate radicals (SO 4 ¡ ), which are used as strong oxidants to destroy organic compounds.
Chemical oxidation
(1) Fe and Mn as oxidants. Fe(III), Fe(V), and Fe(VI) are used to oxidize pharmaceuticals from water, including tetracycline, clarithromycin, and roxithromycin . Both Fe(V) and Fe(VI) have a higher standard redox potential of C2.2 V under acidic pH 4-5 than under neutral pH 7 (Fig. 1A ) (Jiang, 2007; Chen et al., 2010; Jiang, 2014) . These ferrate compounds can react with pharmaceuticals which contain electron-rich moieties (Lee et al., 2009; Yang et al., 2012; , which leads to the formation of nontoxic by-products and Fe(III) (Sharma et al., 2005; . The removal efficiency varies for the different compounds at 10-100 mg/L were as follows: ciprofloxacin >60%, naproxen >40%, and n-acetyl sulfamethoxazole <10% . In addition, 88% removal efficiencies were achieved for selected pharmaceuticals and other micropollutants by combining oxidation, and flocculation and coagulation with Fe(VI) . Owing to the high standard redox potential of Fe(III) (C0.770 V, Fig. 1A ), the removal of tetracycline antibiotics, including tetracycline, oxytetracycline, and chlorotetracycline, with Fe(III) is 2-20 times higher than without Fe(III) . This process is influenced by pharmaceutical concentration as well as the concentration of Fe(III) . At pH 7 and 20 C, increasing of initial tetracycline concentration caused a decrease in the reaction rate, while increasing the initial Fe(III) concentration resulted in an increase in the reaction rate. Adapted from previous data (Stumm and Morgan, 2013) using Material Project website (Jain et al., 2013) .
Mn(VII) and Mn(IV) are used to remove pharmaceuticals and other pollutants in water and wastewater because of their high standard redox potential (C1.23 V for Mn(IV) and C1.52 V for Mn(VII), see Fig. 1B ) (Gao et al., 2012; He et al., 2012; Meerburg et al., 2012; Remucal and Ginder-Vogel, 2014; Tu et al., 2014; Li et al., 2015a) . Permanganate (MnO 4 ¡ ) can be used to remove pharmaceuticals and other micropollutants containing electron-rich moieties (Guan et al., 2010; Hendratna, 2011) . One study found that ciprofloxacin, lincomycin, and trimethoprim are removed in a second-order reaction from drinking water by Mn (VII), with rate constants of 0.61, 1.6, 3.6 M ¡1 s
¡1
, respectively Hu et al., 2011) . In a second study, more than 90% of sulfamethoxazole at concentrations between 0.5 and 5 mg/L are removed with 2 mg/L Mn(VII) at pH 7 . Mn(VII) is also used to oxidize nonsteroidal anti-inflammatory drugs ibuprofen, diclofenac, naproxen, ketoprofen, fenoprofen, indomethacin, and salicylic acid (Rodriguez-Alvarez et al., 2013) . Results showed diclofenac and indomethacin were completely removed, while the others decrease less than 30% (Rodriguez-Alvarez et al., 2013) .
Mn(IV) (C1.23 V) has a stronger oxidation potential than Fe(III) (C0.77 V). This is observed in the faster transformation of clarithromycin and roxithromycin by Mn(IV), which has a 2-3 times higher reaction rate per surface unit than Fe (III) (Feitosa-Felizzola et al., 2009) . Studies show that amorphous MnO 2 can be used to remove pharmaceuticals such as carbamazepine, sulfamethazine, and diclofenac (Gao et al., 2012; He et al., 2012; Meerburg et al., 2012; Tu et al., 2014; Li et al., 2015a) . This chemical removal process is pH dependent and effective when pH < 6 (Gao et al., 2012; He et al., 2012) . Over 70% of diclofenac at about 3 mg/L is removed by oxidation in a MnO 2 bed filter with amorphous MnO 2 in natural environment, where adsorption of both parent compound and by-products of diclofenac oxidation is observed (Huguet et al., 2013; Huguet et al., 2014) . Similarly, 95% of amoxicillin at around 360 mg/L is oxidized in 4 hrs with 1 £ 1 molecular sieve-structured MnO 2 while only 4.5% of amoxicillin is removed by adsorption (Kuan et al., 2013) .
In addition to pH, other environmental parameters also affect chemical oxidation of pharmaceuticals by MnO 2 . For instance, MnO 2 oxidation is negatively influenced by cosolute compounds, such as metal ions and natural organic compounds which inhibit the chemical reaction by occupying the reactive surface site of MnO 2 (Zhang and Huang, 2003; Lin et al., 2009; Hendratna, 2011; He et al., 2012) . In addition, reactant loading has influence on this oxidation process. For example, loading for triclosan, ciprofloxacin, and carbadox has no effect on reaction rate constants because of the fixed number of reactive surface sites of MnO 2 . In contrast, higher loading for tetracycline leads to lower reaction rate constants because of the self-competition for the same reactive surface sites of MnO 2 .
Most studies using MnO 2 to remove pharmaceuticals are carried out under oxic condition. There are only two published studies using anoxic condition as control group. Results show that anoxic condition has no influence on fluoroquinolone removal (Zhang and Huang, 2005) while it can inhibit the sulfamethazine removal (Gao et al., 2012) .
(2) Fe and Mn as catalysts. In classic Fenton's reagent (Fe/H 2 O 2 system), a mixture of Fe(II) and hydrogen peroxide generates OH (Fig. 2 ) (Neyens and Baeyens, 2003; Pignatello et al., 2006) . OH can oxidize pharmaceuticals (Badawy et al., 2009; Li et al., 2012; Hussain et al., 2013) together with another oxidant produced in the process, for instance, Fe(IV) species at pH>5 (Eq. (1)) (Ogier, 2008; Hug and Leupin, 2003) . For example, more than 90% berberine at around 1000 mg/L and over 70% metronidazole at 1 mg/L are removed in Fe/H 2 O 2 oxidation systems (Shemer et al., 2006; Cui et al., 2015) . In addition, nearly complete removal of paracetamol, chloramphenicol, and diclofenac is obtained (Badawy et al., 2009) . In Fenton's reaction, ethylenediaminetetraacetic acid (EDTA) is used to improve the removal performance (Keenan and Sedlak, 2008; Laine et al., 2008; Zhou et al., 2010; Bautitz et al., 2012) . The complex of Fe(II) and EDTA reduces dissolved O 2 and produces H 2 O 2 and OH (Laine et al., 2008; Bautitz et al., 2012) . In addition, the presence of EDTA enhances the Fe(III) solubility, thus preventing Fe(III) precipitation as well as possible Fe(II) coprecipitation with Fe(III) (Keenan and Sedlak, 2008; Bautitz et al., 2012) . Additional flocculation and coagulation by Figure 2 . Activated species generated in Fe-based advanced oxidation processes (AOPs) where (A) is for OH -based AOPs (Neyens and Baeyens, 2003; Pignatello et al., 2006; Hartmann et al., 2010; Correia de Velosa and Pupo Nogueira, 2013) and (B) is for SO 4 ¡ -based AOPs (Ghauch et al., 2013; Ji et al., 2014) , (1) generated activated species from Fe/H 2 O 2 , photo/Fe/H 2 O 2 , electro/Fe/H 2 O 2 , sono/Fe/H 2 O 2 , etc.;(2) generated activated species from ZVI/O 2 ;(3) generated activated species from photo degradation, electro degradation, sono degradation, etc.; and (4) generated activated species from Fe/persulfate. Fe(III) improves removal in Fenton's reaction (Tekin et al., 2006) .
Other Fe species or compounds containing Fe can work as catalysts in Fenton's reactions. In these processes, pharmaceuticals and other micropollutants can be removed via oxidation (Correia de Velosa and Pupo Nogueira, 2013; Segura et al., 2013; Shirazi et al., 2013) . For example, ZVI and nZVI are used as a catalyst in Fenton's reaction with H 2 O 2 to remove pharmaceuticals (Segura et al., 2013; Shirazi et al., 2013) and other pollutants (Kowalski and Sogaard, 2014; Li et al., 2014; Segura et al., 2015) . Under acidic conditions (pH < 3), ZVI is oxidized to Fe (II) on the surface of the metal and then Fe(II) catalyzes the Fenton process. In the presence of 1.2 g/L ZVI, 3.2 g/L H 2 O 2 , and 0.1 g/L total organic carbon (TOC), 80% mixture of pharmaceuticals and other organic pollutants are removed in 1 hr from pharmaceutical wastewater with a pH of 3 (Segura et al., 2013) . Similarly, carbamazepine can be totally removed from both distilled water and groundwater with 20 mg/L nZVI and 25 mg/L H 2 O 2 (Shirazi et al., 2013) .
Furthermore, the Fenton's reaction can be enhanced by ultraviolet-visible photo, electronic, and ultrasonic irradiation (Babuponnusami and Muthukumar, 2012; Babuponnusami and Muthukumar, 2014) , which are photo/Fe/H 2 O 2 system, electro/Fe/H 2 O 2 system, and sono/Fe/H 2 O 2 system, respectively. In the photo/Fe/ H 2 O 2 system, a wavelength below 254 nm or higher than 300 nm enhances the photolysis of Fe(III) to Fe(II) (Fig. 2) Trovo et al., 2009; Veloutsou et al., 2014) . Via photo/Fe/H 2 O 2 system, 16 mg/L metoprolol and 17.6 mg/L atenolol are completely removed within 150 min (Veloutsou et al., 2014) , while 76% of 10 mg/L sulfamethoxazole is removed within 7 hrs (Trovo et al., 2009) .
Electro-Fe(II)/H 2 O 2 system is another advanced process in which H 2 O 2 is generated continuously if sufficient O 2 is present at a suitable cathode (Eq. (2), Fig. 2 ) (Brillas et al., 2009 ). In addition, the production of OH is accelerated by the regeneration of Fe(II) from soluble Fe(III) (Eq. 3).
Experiments with electro/Fe/H 2 O 2 system indicate that this process is efficient for pharmaceutical removal (Sires et al., 2007; Isarain-Chavez et al., 2010; Olvera-Vargas et al., 2015) . For example, 40% mineralization of atenolol at 158 mg/L (Isarain-Chavez et al., 2010) and nearly 30% mineralization of ranitidine at 33.8 mg/L (Olvera- Vargas et al., 2015) are obtained. Additionally, a combination of photo and electro irradiation for photo-electro/Fe/H 2 O 2 system increases the performance in pharmaceutical removal even further (Isarain-Chavez et al., 2010; Olvera-Vargas et al., 2015) . Results showed the complete removal of atenolol and 80% mineralization of ranitidine by photo-electro/Fe/H 2 O 2 system with solar radiation. This is due to (1) (Yan et al., 2011; Ghauch et al., 2013; Ji et al., 2014) . Standard redox potential of SO 4 ¡ is C2.6 V, which is similar to OH with C2.72 V (Neta et al., 1988) . Sulfate radical-based advanced oxidation processes (SR-AOPs) are new methods to oxidize pharmaceuticals in water (Yan et al., 2011; Ghauch et al., 2013; Shah et al., 2013; Ji et al., 2014) . In previous studies, Fe-activated persulfate has been used to remove pharmaceuticals. Fe(II)-activated persulfate oxidation removes 50% carbamazepine at 6 mg/L (Rao et al., 2014) , and 96% ciprofloxacin and 75% sulfamethoxazole both at 7.6 mg/L (Ji et al., 2014) . In micrometric ZVI-activated persulfate oxidation, 10 mg/L sulfamethoxazole is completely removed after 60 min (Ghauch et al., 2013) . Additionally, more than 90% removal efficiency of sulfamonomethoxine at 16.8 mg/L is observed with Fe 3 O 4 -activated persulfate oxidation (Yan et al., 2011) . Together with simulated solar light irradiation, complete removal of carbamazepine is obtained by an Fe(II)/persulfate/UV-Vis system, in which persulfate is activated by Fe(II) (Ahmed and Chiron, 2014 .
Similarly to Fenton's reaction, Fe can work as a catalyst in other advanced oxidation processes including photo degradation, sono degradation, and ozonation. However, as opposed to Fenton or Fenton-like processes, these AOPs do not use H 2 O 2 to generate OH (Andreozzi et al., 2004; Ikehata and El-Din, 2006; Deng and Ezyske, 2011; Chelliapan and Sallis, 2013) . Fe-ZnO is used in catalytic photo degradation, catalytic sono degradation, and catalytic photo-sono degradation, in which irradiation of ultrasonic frequencies or/and visible light can generate reactive radicals from water through forming vapor cavities (Madhavan et al., 2010) . Results show that the removal rates for diclofenac increase in the following order: catalytic photo degradation (0.4
) (Madhavan et al., 2010) . Even without H 2 O 2 , ZVI can catalyze processes in the presence of O 2 (Fig. 2 ) (Bautitz et al., 2012; Grcic et al., 2012; Correia de Velosa and Pupo Nogueira, 2013) . 96% diazepam at 25 mg/L is removed by the ZVI/O 2 system after 60 min. Moreover, 60% diazepam is mineralized (Bautitz et al., 2012) . However, complexation of Fe may increase yield of H 2 O 2 and change the nature of the reactive oxidant such as Fe(V) (Keenan and Sedlak, 2008) .
Ozonation effectively removes pharmaceuticals because ozone is a strong oxidant with a standard redox potential of C2.08 V (Huber et al., 2003; Javier Benitez et al., 2009) . Fe species are used in catalytic ozonation process and showed a high, stable catalytic activity (Lv et al., 2010 (Lv et al., 2012) .
Mn can also function as catalyst to remove pharmaceuticals. Manganese oxide supported or doped by other compounds has been used in catalytic ozonation process. Alumina-supported manganese oxide suspension is used as catalyst in ozonation to remove phenazone, ibuprofen, diphenhydramine, phenytoin, and diclofenac. Results show that more than 90% TOC of pharmaceuticals mixture is removed with alumina-supported manganese oxide, whereas only 20% is removed without a catalyst (Yang et al., 2009) . Carbon nanotube-supported manganese oxides are used to assist ozone to remove ciprofloxacin. Ciprofloxacin removal increases within 15 min from 26.7% of 10 mg/L to 87.5% when the catalyst was added (Sui et al., 2012) . MnO 2 -CuO/g-Al 2 O 3 catalyst is also used to remove ibuprofen in ozonation (Betancur-Corredor et al., 2015) . Ibuprofen removal increases from 27% of 5 mg/L to 55% in the presence of the catalyst. A novel Ce-doped manganese oxide octahedral molecular sieve is generated recently and used as a catalyst in ozonation (Zhang et al., 2016) ; 81% ciprofloxacin of 10 mg/L was removed in the ozonation process with the catalyst. Both Mn-Ce-O catalyst prepared in the laboratory and commercial Fe-Mn-O catalyst are used in catalytic ozonation process and show similar catalytic capacity (Martins et al., 2015) . Approximately 60% COD of the mixture of sulfamethoxazole and diclofenac is removed in the presence of either catalyst within 120 min. Tetracycline can complex with dissolved Mn 2C ions, thus improving tetracycline removal by oxygen. At pH 8-9.5, over 90% removal of tetracycline is achieved in Mn 2C -mediated system, and the reactivity trend is as follows: oxytetracycline > tetracycline >> isochlorotetracycline (Chen and Huang, 2009 ).
Chemical reduction
Chemical reduction is often used to remove pollutants including heavy metals (Villacis-Garcia et al., 2015) and nitrate (Hou et al., 2015) . However, its application for pharmaceutical removal has not been extensively studied. During chemical reduction, pharmaceuticals receive electrons from other chemical compounds. For example, (n)ZVI can reduce pharmaceuticals, resulting in the oxidation of Fe; this occurs alone or in conjunction with other removal processes such as adsorption (Noubactep, 2008a; Ghauch et al., 2009; Raychoudhury and Scheytt, 2013; Shirazi et al., 2013; Zhou et al., 2014) . Previous studies showed that pharmaceutical compounds with certain functional groups (such as C-N, N D N, nitro or halogens) can be reduced by (n)ZVI via chemical reduction (Raychoudhury and Scheytt, 2013) . Results indicated rapid reduction of amoxicillin and ampicillin, while less than 12.6% removal of carbamazepine is observed (Ghauch et al., 2009) . Diazepam is removed by chemical reduction for almost 65% (Bautitz et al., 2012) In addition, complete removal of chloramphenicol is obtained (Xia, et al., 2014) .
Biological-related removal
There are pharmaceutical removal processes related to the metal-related activity of different types of microorganisms, including bacteria and fungi (Kagle et al., 2009; Onesios et al., 2009) . In these processes, microorganisms can produce Fe-or Mn-oxides, which are used to remove pharmaceuticals by chemical oxidation. In addition, bacteria can work in advanced oxidation together with Fe which is known as biologically catalyzed advanced oxidation (Marco-Urrea et al., 2009; Gros et al., 2014) .
Biogenic Mn oxides (bioMnOx, also known as Mn bio-oxides) can efficiently remove pharmaceuticals (Forrez et al., 2011; Furgal et al., 2015) and other pollutants (Hennebel et al., 2009; Meng et al., 2009) . These bioMnOx are produced by oxidation of Mn(II) by bacteria such as Pseudomonas putida MnB6 (BCCM/LMG 2322) and Bacillus sp. SG-1, or fungi (Hennebel et al., 2009; Tebo et al., 2004) . Enrichment of P. putida which was used to generate bioMnOx was achieved under nitrifying conditions in a down flow sponge reactor with artificial wastewater (Cao et al., 2015) . As compared to synthetic MnO 2 , microbially produced bioMnOx has a unique structure, yielding a variety of advantages for oxidation. BioMnOx are reactive under neutral pH (»7), instead of the acidic conditions required for abiotically produced MnOx (Kuan et al., 2013; Remucal and Ginder-Vogel, 2014) . Additionally, the bacteria can bind the intermediate Mn(III) compounds via ligands, thus effectively increasing the oxidative power of a Mn-bacteria mixture (Meerburg et al., 2012) . As a result, diclofenac removal via adsorption and chemical oxidation with bioMnOx is 10-times faster than with synthetic MnO 2 (Forrez et al., 2010) . Additionally, complete removal of ciprofloxacin (Tu et al., 2014) and 17% removal of carbamazepine are obtained (Forrez et al., 2011) . Studies also show that the performance will increase in the presence of trace metals, such as Ag or Pb. The interaction between the metals and the microorganism cell leads to the formation of reactive oxygen species (Meerburg et al., 2012) . These reactive species can improve the pharmaceutical removal (Villalobos et al., 2004; Meerburg et al., 2012) .
Biological Fenton-like system is a recently discovered biological advanced oxidation process in which radicals are generated in the presence of white-rot fungi Trametes versicolor. The biological Fenton-like reaction occurs in the presence of lignin-derived quinone (2,6,-dimethoxy-1,4-benzoquinone, DBQ) and Fe 3C (Fig. 3 ) (Marco-Urrea et al., 2009; Gros et al., 2014) . In this process, DBQ is reduced to hydroquinone (DBQH 2 ) in the presence of an intracellular quinone reductase produced from the fungi, followed by the generation of semiquinone radicals (DBQ ¡ ) via subsequent oxidation of DBQH 2 by lignin-modifying enzymes (laccases and peroxidases) which are also from the white-rot fungi. Fenton's reagent is formed by DBQ ¡ auto-oxidation catalyzed by Fe 3C , and OH is produced via this cycling (Gomez-Toribio et al., 2009; Marco-Urrea et al., 2010) . In this system, removal efficiencies of 80% were achieved for clofibric acid, carbamazepine, atenolol, and propranolol; more than 20% of the observed carbamazepine removal could be attributed to biological activity by this white-rot fungi (MarcoUrrea et al., 2010 Santosa et al., 2012) . Recently, a crude MnP is produced by white-rot fungi Phanerochaete chrysosporium and used as a biocatalyst to remove tetracycline and oxytetracycline via enzymatic degradation (Wen et al., 2010) . Results show that 72.5% of 50 mg/L tetracycline and 84.3% of 50 mg/L oxytetracycline are removed at 40 U/L within 4 hr. 
Evaluation and discussion
Fe-and Mn-based water treatment technologies have the potential to play important roles in pharmaceutical removal processes. However, there are some challenges to the direct application of available water technologies for the removal of pharmaceuticals. The four main challenges, including advantages and challenges, will be explained in detail in the paragraphs 3.1-3.4.
First of all, most described technologies are nonspecific, meaning that they can remove various pharmaceuticals as well as other pollutants. While this versatility can be an advantage, it can also lead to more consumption of reagents in order to also remove pharmaceuticals. Secondly, the high removal efficiency obtained with Fe-or Mn-based technologies require specific reaction conditions, which may result in more consumption of energy or chemicals. Finally, some Fe-or Mn-based technologies can oxidize the pharmaceuticals into by-products or intermediates. While these intermediates may be more biodegradable than the parent pharmaceutical, in some cases, these daughter compounds are either toxic or recalcitrant to further removal. Finally, the crystal structures and morphologies will also affect pharmaceutical removal performance. Additionally, using these Fe-and Mn-based technologies will introduce Fe or Mn compounds into the environment. In general, the presence of Fe or Mn in the environment is safe. However, some compounds used in Fe-or Mn-based technologies such as nZVI or persulfate can be toxic to the native microorganisms.
In the following section, we will evaluate the positive and negative aspects of using the currently available Fe-or Mn-based technologies for pharmaceutical removal, highlighting the challenges of application but also the potential of these technologies.
Nonspecificity
Many physico-chemical, chemical, and biologically related pharmaceutical removal processes with Fe or Mn are nonspecific. This improves the robustness and versatility of the technology, as most of these processes can remove various pharmaceuticals (Table 1) . For example, Fe/H 2 O 2 /system is suitable for removing compounds with a range of chemical properties, including antibiotics, analgesics, beta-blockers, and lipid-lowering drugs. However, this versatility means that pharmaceuticals will be removed together with other organic and inorganic pollutants. For instance, bioMnOx is used to remove pharmaceuticals, and also heavy metals, such as Pb and As (Hennebel et al., 2009 ). This nonspecificity toward pharmaceuticals can reduce the removal efficiency, as other pollutants will be removed together with pharmaceuticals, thus competing for the available Fe or Mn. For example, organic compounds and colloids can compete for the surface of amorphous MnO 2 , leading to lower removal of carbamazepine (He et al., 2012) . Even with selective oxidation processes like ferrate and permanganate oxidation, they will not only attack pharmaceuticals containing electron-rich organic moieties, but also aliphatic and aromatic organic compounds (Ghernaout and Naceur, 2011; Tiwari and Lee, 2011) , phosphate (Lee et al., 2009) , and taste and odor compounds (Srinivasan and Sorial, 2011) . Thus, other compounds in the matrix compete with the pharmaceuticals for Fe or Mn. While this can achieve the goal of removing both common pollutants and pharmaceuticals, the nonspecificity of the process will increase the reagent consumption for removal of a certain amount of pharmaceuticals.
Treatment conditions
There are a variety of robust technologies that can achieve high pharmaceutical removal efficiencies. However, efficient and reliable removal can only be obtained under specific treatment conditions. Almost all pharmaceuticals can be completely removed by all AOPs, including SR-AOPs (Table 1 ). In addition, direct chemical oxidation (e.g., Fe(III), Mn(IV), ferrate, and permanganate oxidation) and chemical reduction (ZVI and nZVI reduction) result in more than 90% removal of pharmaceuticals. In order to achieve optimal removal, chemical treatments usually require acidic conditions (pH < 6). The sterilized condition for pure culture cultivation is used in biologically related pharmaceutical removal process. BioMnOx used for pharmaceutical removal can be produced by P. putida MnB6 (BCCM/ LMG 2322), which is grown in synthetic medium (Forrez et al., 2010; Forrez et al., 2011; Meerburg et al., 2012; Furgal et al., 2015) . Similarly, the biological Fentonlike system with the white-rot fungi T. versicolor , 2013; Gros et al., 2014) . Thus, specific cultivation equipment and sterile conditions are needed, and this might limit further application of these technologies in pharmaceutical removal technologies.
Intermediates and by-products
In most pharmaceutical removal processes with Fe or Mn, incomplete mineralization may occur. For example, only 30%-40% mineralization is obtained in electro/ Fe/H 2 O 2 system processes (Isarain-Chavez et al., 2010; Olvera-Vargas et al., 2015) .
The presence and accumulation of by-products can be advantageous for further downstream treatment. For example, processes like Fe/H 2 O 2 /system will result in partial oxidation of compounds, thus improving the biodegradability of the pharmaceuticals in wastewater (Tekin et al., 2006; Badawy et al., 2009) . A previous study using Fe/H 2 O 2 /system as pretreatment shows improved BOD/COD ratios from 0.25 to 0.50 following chemical oxidation, indicating improved biodegradability (Badawy et al., 2009 ). Thus, combining chemical oxidation of the pharmaceutical with biological treatment of the by-products can result in complete mineralization. Similarly, after ferrate treatment, biodegradation of water containing beta-blockers improves from nonbiodegradable to 14%-70% biodegradation (Wilde et al., 2013) .
While improved biodegradability can be observed, some by-products will be similarly or even more toxic or recalcitrant as their parent compounds, especially by-products from the oxidation process. In a previous study, the toxicity of atenolol's intermediates from photo/Fe/H 2 O 2 system process is higher than the parent compound (Veloutsou et al., 2014) . Moreover, sulfamethoxazole removal from wastewater by solar photo/Fe/H 2 O 2 system increases the toxicity of the wastewater from 16% to 86%, as assessed by Vibrio fischeri bioassays (Trovo et al., 2009) . Another important product in these pharmaceutical removal processes is Fe 2C or Mn 2C . Even though they are less threat to human health, they can have a negative effect on the taste, appearance, and staining of water. These results indicate that (1) these treatment technologies must go beyond merely considering removal of the parent pharmaceutical, and (2) many treatment technologies will require a downstream step to ensure complete removal of all toxic compounds.
Effects of Fe or Mn compounds
Fe or Mn compounds exist in different crystal structures and morphologies, and this can lead to different pharmaceutical removal performance. For example, comparing different iron particles for pharmaceutical removal, ZVI has a faster removal rate for ampicillin than nZVI (Ghauch et al., 2009) . Similarly, the oxidation efficiency of naproxen with a-MnO 2 nanomaterials follows the order of commercial particles < nanorods < flower-like nanostructures < nanoparticles .
In general, Fe or Mn compounds in pharmaceutical removal processes are safe to human or ecosystem. For example, nanomaterials like nZVI and MNPs are promising materials for pharmaceutical removal, but they are also potentially toxic to the environment. Previous studies show that nZVI results in ecotoxicity to organisms in both fresh water and marine water (Phenrat et al., 2009; Keller et al., 2012) . Daphnia magna survival exposed to nZVI (Fe 5mg/L) drops within 96 h (Keller et al., 2012) . In addition, nZVI is also potentially toxic to nerve cells, animal cells, and human cells (Phenrat et al., 2009; Crane and Scott, 2012; Kharisov et al., 2012) . One possible explanation is the physical disruption of cell membranes by nZVI. It can also enhance the biocide effect of Fe (Lee et al., 2008) . Toxicity to microorganisms is also observed with other Fe-or Mn-containing nanoparticles (Bellusci et al., 2014) . Other compounds used in Fe-and Mn-based technologies like peroxymonosulfate are also hazardous for human (Olmez-Hanci et al., 2014) .
Outlooks
The challenges and limitations of current Fe-or Mn-based pharmaceutical technologies discussed above require either further optimizing current technologies or developing new technologies (Fig. 4) . These new technologies have many of the treatment advantages mentioned in Section 3, including nonspecificity, high removal efficiency, and/or potentially biodegradability improvements. These promising technologies require less specific treatment conditions and/or the products will be less toxic, thus addressing some of the challenges mentioned in Section 3.
Fe-or Mn-enhanced processes
There are some existing technologies for pharmaceutical removal which could be further enhanced through the addition of Fe and Mn. After improvement or enhancement, these technologies are likely to more efficiently remove pharmaceuticals.
Powdered activated carbon (PAC) adsorption is a physico-chemical removal process for pharmaceuticals (Lima et al., 2014; Mailler et al., 2015) and other organic pollutants (Quinlivan et al., 2005; Ho et al., 2011; Ghafoori et al., 2014) . Studies show that the addition of Fe species can improve the performance of PAC adsorption Park et al., 2015) . Research investigating the removal of bisphenol A and natural organic matter shows that the adsorption capacities were in the following sequence: bare PAC < hematite/PAC < magnetite/PAC < ferrihydrite/PAC (Park et al., 2015) . These results show that adding Fe species can improve the adsorption of compounds onto PAC, which is a known physicochemical process for pharmaceutical removal. While the adsorption on Fe/PAC is a nonspecific pharmaceutical removal process, this physico-chemical technique does not result in toxic products formation.
AOPs such as photo degradation and sono degradation can be accelerated by catalysts. Fe can work as a doping agent for catalysts such as TiO 2 in catalytic photo degradation and sono degradation. In catalytic photo degradation, Fe-doped catalyst can improve the removal of volatile organic compounds acetone and benzyl alcohol (Zhou et al., 2006; Spasiano et al., 2013) . Similarly, sono degradation catalyzed by Fe-doped TiO 2 shows notably higher removal of the dyes Blue 4 dye and azo fuchsine than undoped TiO 2 (Wang et al., 2008; Jamalluddin and Abdullah, 2011) . Wet oxidation is the oxidation of organic and inorganic substances in an aqueous solution or suspension by means of oxygen or air at 200 C-320 C and 2-20 MPa either in the presence or absence of catalysts (Levec and Pintar, 2007; Wang et al., 2007; Klavarioti et al., 2009; Kong et al., 2012) . Wet oxidation includes wet air oxidation and wet peroxide oxidation and is used as a pretreatment technology for pharmaceutical wastewater (Melero et al., 2009; Hosseini et al., 2011; Zheng, 2011; Zhan et al., 2013) . Results show that Fe and Mn (together with Ce, Pt, or C) can catalyze wet oxidation for phenolic compounds removal (Santiago et al., 2006; Rey et al., 2009; Collado et al., 2010; Garrido-Ramirez et al., 2012) . AOPs can form OH and other active oxygen species which are efficient and nonspecific in pharmaceutical removal processes. In previous studies, Mn is used as a catalyst in supercritical water oxidation to treat pharmaceutical laboratory wastewater (Ruamchat et al., 2006) . In addition, results show wet oxidation can significantly improve the biodegradability of industrial pharmaceutical wastewater (Gotvajn et al., 2007; Zhan et al., 2013; Pantelidou et al., 2014) . For example, the ratio of BOD 5 /COD in pharmaceutical wastewater increases from 0.1 to 0.75 by catalytic wet air oxidation at 220 C (Zhan et al., 2013) .
Advanced Fe or Mn compounds
Advanced Fe or Mn compounds such as Fe-organic framework, nZVI, and bioMnOx are used to remove pharmaceuticals. These Fe or Mn compounds will be synthetized by combining with other materials as well as developing new generation processes. These advanced Fe or Mn compounds may lead to better pharmaceutical removal. Some advanced Fe or Mn compounds are used as catalysts in AOPs (Fenton, photo degradation, and SR-AOPs), which are currently employed to remove pharmaceuticals. Nano particulate Fe oxides (nano FeOx) is a newly synthetic Fe compound which can catalyze Fenton's reaction (Zelmanov and Semiat, 2008; Zelmanov and Semiat, 2009) . Results show that higher concentrations of nano FeOx lead to a higher reaction rate (Zelmanov and Semiat, 2008; Zelmanov and Semiat, 2009 ). Moreover, nano FeOx can improve the removal of pollutants via adsorption because of the large specific surface area of these nanoparticles (Zelmanov and Semiat, 2008; Zelmanov and Semiat, 2009 ). Metal-organic framework containing Fe or Mn is used as a catalyst in photo degradation with both visible and UV irradiation . Another new synthetic AOPs catalyst is ferrite nanoparticles (M x Fe 3-x O 4 nanoparticles, M D Mn, Fe, Co, etc.). For example, MnFe 2 O 4 (MFN) can catalyze photo degradation or Fenton's reactions. Over 90% removal of dye compounds was obtained (Mahmoodi, 2013) . MFN can also activate PMS, which is used to remove pollutants via SR-AOPs (Yao et al., 2014) . In this removal process, adsorption is an important mechanism (Wang et al., 2011) . Incorporation of M x Fe 3-x O 4 to metal oxides or carbon is also promising in pharmaceutical removal. For example, Fe 3 O 4 -Cr 2 O 3 magnetic nanocomposite (MNC) is used to catalyze photo degradation. This MNC shows efficient removal of 4 chlorophenol under UV irradiation, good magnetic separation for recovery, and recyclability (Singh et al., 2015) . Kaolinite-supported nZVI (k-nZVI) is recently synthesized ( € Uz€ um et al., 2009; Chen et al., 2013b) . nZVI is proven to remove pharmaceuticals by adsorption and chemical reduction (Ghauch et al., 2009; Shirazi et al., 2013) , and it can catalyze Fenton-like processes to remove pharmaceuticals. In addition, kaolinite alone can remove the pharmaceutical metoprolol by adsorption together with talc (Li et al., 2015b) . Thus, this newly synthesized k-nZVI is a promising reagent for pharmaceutical removal.
Biologically produced MnOx has been shown to remove pharmaceuticals. Similar to bioMnOx, Fe oxides can also be generated by microbial activity, resulting in bioFeOx (Hennebel et al., 2009) . Their potential to remove pollutants has been observed. The large surface area of bioFeOx leads to the adsorption of heavy metals as well as potential adsorption of pharmaceuticals (Hennebel et al., 2009; Forrez et al., 2011) . In addition, bioFeOx is effective in dehalogenation reactions of organic pollutants, including chlorinated solvents, pesticides, and freons (Komlos et al., 2007; Hennebel et al., 2009 ). For pharmaceuticals containing halogens like diclofenac, applicability of dehalogenation by bioFeOx should be investigated.
Other promising processes
Some novel processes with Fe or Mn compounds are also promising in pharmaceutical removal. These processes should be explored to determine their application for pharmaceutical removal.
Due to the similar properties between Fe and Mn ( Fig. 1) , Mn can work as a catalyst in Fenton's reaction (Ma et al., 2004; Kouraichi et al., 2010; Yao et al., 2014) . In Mn/H 2 O 2 system, both amorphous and crystalline Mn(IV) compounds are used as catalysts to remove carbon tetrachloride, with removal efficiencies of »90% at pH 6 (Watts et al., 2005) . OH is generated in Mn/H 2 O 2 system, and it is applicable to remove pharmaceuticals. Moreover, the OH is generated at nearly neutral conditions (pH 6), instead of the acidic conditions at pH 3 that are needed for Fe/H 2 O 2 system (Pignatello et al., 2006 ). Consequently, Mn/H 2 O 2 will be more cost-efficient for pharmaceutical removal in practice. Dissimilatory Fe or Mn reduction is demonstrated as a process to remove organic pollutants (Lovley and Phillips, 1988; Salas et al., 2009; Rosenberg et al., 2013; Chen et al., 2013a) . In this process, dissimilatory Fe-reducing bacteria (DIRB), such as Geobacter metallireducens, metabolically degrade organic matter while respiring on Fe(III) or Mn(IV). Dissimilatory iron or manganese reduction has been applied for the removal of monoaromatic compounds, such as benzene, toluene, ethylbenzene, and xylene isomers (BTEX) (Langenhoff et al., 1996b; Anderson et al., 1998; Villatoro-Monzon et al., 2003; Jahn et al., 2005; ; Rosenberg et al., 2013) . A previous study shows the complete removal of BTEX with Fe(III) at a rate of 0.19 mmol/(L¢d) (Villatoro-Monzon et al., 2003) . Dissimilatory iron reduction has been shown for a variety of soluble and insoluble Fe(III) forms, indicating the versatility of this process (Lovley, 1991; Lovley et al., 2004) . We assume that biological processes which can remove phenolic or aromatic compounds might have the potential to remove pharmaceuticals, as many pharmaceuticals contain at least one aromatic ring. Thus, dissimilatory Fe reduction was potential to remove pharmaceuticals.
Mn(IV) has similar characteristics and an even higher standard redox potential compared to Fe(III). In addition, Mn(IV) can be used as an alternative electron acceptor by some DIRB (Rosenberg et al., 2013) . Together with Mn(IV)-reducing bacteria, the process is employed to remove aromatic compounds, for example, BTEX (Dorer et al., 2016; Villatoro-Monzon et al., 2003) . Results show that complete biodegradation of BTEX (Villatoro-Monzon et al., 2003) and >60% naphthalene is mineralized to CO 2 with Mn(IV) as the terminal electron acceptor (Langenhoff et al., 1996a) .
The mentioned dissimilatory Fe or Mn reduction requires a neutral pH and anoxic conditions, so there are no needs to adjust the pH or add large amounts of oxygen. These prerequisites make it an attractive, sustainable, and low-cost technology. This biological removal process will remove not only pharmaceuticals but also other organic materials. If given enough time, bacteria will degrade and eventually completely mineralize the pharmaceuticals. Products of the process, Fe(II) or Mn(II), can be oxidized into Fe(III) or Mn(IV), thus be recycled and re-used for the removal process.
Conclusions
Fe-or Mn-based technologies are capable of removing pharmaceuticals in water systems. Removing pharmaceuticals decreases the possibility of developing antibiotic-resistant gene or antibiotic-resistant bacteria. Furthermore, the AOPs using Fe or Mn compounds can also remove antibiotic-resistant gene and antibiotic-resistant bacteria (Michael et al., 2012; Sousa et al., 2016) . These technologies are efficient for a wide variety of pharmaceuticals, as well as other pollutants under favorable conditions. As discussed in this review, the removal mechanism involved physicochemical, chemical, and biologically related processes. So far, current Fe-or Mn-based technologies to remove pharmaceuticals focus on chemical removal. The Fe or Mn compounds are generally safe to the human and environment, but there are still some of them like nZVI can be toxic. Even when these technologies partially remove pharmaceuticals, their by-products can be more biodegradable than the parent compounds. These challenges require further attention to optimize these technologies. We have also discussed that Fe-or Mn-based technologies look promising in pharmaceutical removal processes and are worth studying, for example, based on combined technologies and/or biological processes. Especially biological processes are interesting, due to their mild operational conditions and environmental-friendly characteristics.
The combination of current and potential Fe-or Mn-based processes is therefore promising to develop novel technologies for the removal of pharmaceuticals from (waste)water. Furthermore, all these Fe-or Mn-based technologies are also valuable for removal both conventional pollutants and micropollutants. 
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